Pyraflufen-ethyl [ET-751, ethyl 2-chloro-5-(4-chloro-5-difluoromethoxy-l-methylpyrazol-3-yl)-4-fluorophenoxyacetate] is a potent Protox inhibiting herbicide which is also designated as a peroxidizing or photobleaching herbicide. In this paper, we demonstrated the herbicidal activity and characteristics of pyraflufen-ethyl as a cereal herbicide. Pyraflufen-ethyl showed excellent selectivity between cereal crops (wheat and barley) and abroad range of important broad-leaved weeds in post-emergence application. Its herbicidal activity was significantly higher than that of the existing cereal herbicides such as bifenox, ioxynil and mecoprop-p and comparable or even superior to carfentrazon-ethyl and metsulfuron-methyl, which are known as low use-rate herbicides. Pyraflufen-ethyl was also characterized by the fast herbicidal action and excellent activity against Galium aparine, one of the most troublesome broad-leaved weeds infested in winter cereal fields in West Europe. Field trials conducted in U. K. and France in 1990/1991 proved that pyraflufen-ethyl possessed high potentiality as a post-emergence cereal herbicide for controlling broad-leaved weeds selectively at rates of 6-12 g a. i./ha.
INTRODUCTION
We previously reported on the structure-activity and -selectivity relationships of 3-phenylpyrazole derivatives with peroxidizing herbicidal activity. 1) Among the derivatives, pyraflufen-ethyl [ET-751, ethyl 2-chloro-5-(4-chloro-5-difluoromethoxy-l -methylpyrazol-3-yl)-4-fluorophenoxyacetate], provided the most effective herbicidal activity with a good selectivity between wheat and broad-leaved weeds in post-emergence application. 1-3) The mode of herbicidal action of pyraflufen-ethyl was shown to be through inhibition of protoporphyrinogen oxidase (Protox), 4) an important enzyme involved in the biosynthetic pathway of chlorophyll and heme. 5, 6) The target enzyme of pyraflufenethyl was also determined at the molecular level using the Protox gene product encoded by the cDNA from the tobacco cell line resistant to the compound. 7, 8) Since the discovery of 2, 4-D, a variety of cereal herbicides have been introduced for controlling broad-leaved weeds in post-emergence application.
Currently, phenoxyalkanoic acids (ex. mecoprop), benzonitriles (ex. ioxynil) and sulfonylureas (ex. metsulfuron-methyl) are widely used for this purpose. Protox inhibiting herbicides such as bifenox and carfentrazone-ethyl have also been registered for the same segment. These postemergence herbicides for controlling broad-leaved weeds are usually applied in two or three way combinations in either tank-or ready-mixture to complement weed control spectrum. Therefore, it is important for practical use to identify the weed control spectrum of a new herbicide in comparison with the existing herbicides. Furthermore, there are several post-emergence application timings of herbicides for controlling broad-leaved weeds in winter cereals. Since the weed growth stage varies in the application timing, detailed evaluation of herbicidal activity against target weeds at each growth stage is also important for establishment of the optimum application timing. In this study, weed control spectrum of pyraflufenethyl and the selectivity were investigated in post-and pre-emergence application in greenhouse tests. Then, the speed of action and the efficacy on G. aparine at different growth stages were examined and compared with the above-mentioned existing herbicides in greenhouse or growth chamber tests to elucidate the character-istics of pyraflufen-ethyl. Finally, the weed control efficacy of pyraflufen-ethyl and the crop safety toward winter cereals were confirmed in field trials conducted in U. K. and France in 1990/1991.
MATERIALS AND METHODS

Chemicals
Pyraflufen-ethyl was synthesized as described previously9) and formulated in 2.5% or 5% W/W EC. Carfentrazone-ethyl and bifenox were prepared according to the literature10,11) and formulated in 2.5%W/W EC. Metsulfuron-methyl (20%W/W DF), ioxynil (30% W/W EC as an octanoate ester form), mecoprop-p (60% W/V AS as a potassium salt form) and fluroxypyr (20. 6% W/W EC as a methylheptyl form) were commercially obtained. Fluroxypyr (Starane 2(R) and metsulfuronmethyl (Ally(R) used in field trials were also commercially available.
Evaluation of Herbicidal Activity 1 Greenhouse condition and plant materials
A series of a biological test was conducted in a greenhouse maintained at 18C day and 15C night temperatures with natural lighting. Winter wheat ( Triticum aestivum, var. Mercia), barley (Hordeum vulgare, var. Igri) and six weed species (Table 1) were tested to evaluate the crop safety and weed control spectrum of pyraflufen-ethyl. These weeds are the dominant species in European winter cereal fields.
2 Post emergence application
The test plants were grown in plastic pots (diameter: 12 cm, height: 10 cm) filled with clay loam soil containing 2. 6% organic matter. The test plants were thined out at five plants per pot and treated with test compound at the 1. 5 to 2. 5 leaf stages with three replications. The chemical solution diluted by water was applied using a laboratory sprayer equipped with a single conic nozzle at 0. 8 kg/cm2 pressure in a spray volume of 5001/ha. The treated plants were watered as needed from the bottom of the pots. The crop safety and the weed control efficacy were visually evaluated at 21 DAT (days after treatment) in comparison with the untreated controls. Ratings were done on the following scale: 0 (no weed control or crop injury), 1 (1 to l0%), 2 (11 to 20%), 3 (21 to 39%), 4 (40 to 49%), 5 (50 to 59%), 6 (60 to 69%), 7 (70 to 79%), 8 (80 to 89%), 9 (90 to 99%), 10 (complete kill of weed or crop).
3 Pre-emergence application
The same plant species included in the post-emergence test were treated with test compound one day after sowing in the same way described above (2. 2). The treated pots were uniformly irrigated with 3 mm of an artificial rain at 1 DAT, then watered as needed from the bottom. The crop safety and the weed control efficacy were visually evaluated at 21 DAT on the same scale as in (2. 2). Table 1 
Speed of action
Speed of herbicidal action was evaluated in the course of the experiment described in 2. 2. Herbicidal activity of each chemical was visually assessed at 1, 2, 3, 5, 7, 9, 14 and 21 DAT using a 100% scale (0: no weed control or crop injury-100: complete kill of weed or crop). 2. 5 Efficacy on G. aparine at different growth stage G. aparine wass seeded and grown at five plants per pot in a growth chamber maintained at 15C light and 10C dark temperatures with a light intensity of 450 pE/m2/ sec for 12 hr. Pyraflufen-ethyl was applied to G. aparine at three different growth stages (Fig. 4) with three replications. Herbicidal activities on the test plant were visually assessed at 28 DAT using a 100% scale (2. 4).
Field Trials in U. K. and France
Field studies were conducted at winter cereal fields at Bosham (soil type: medium loam) in U. K. and at Ondes (soil type: silty clay loam) in France in 1990/1991. Weed control efficacy and crop safety trials were separately established in the same fields. For the weed control efficacy trials, four broad-leaved weed species (Fig. 5) were sown in inter-rows of winter wheat (12. 5 cm apart) on the same day of the crop seeding at the both trial sites. For the crop safety trials, three winter wheat and two winter barley varieties (Table 3) were sown in rows spaced 12. 5 cm apart on October 20 and November 12, 1990, in U. K. and France, respectively. The experimental design was a randomized complete block consisted of a plot size of 18 m2 (2 by 9m) with three replications. Pyraflufen-ethyl and the reference herbicides (1. 3) were applied in early post-emergence (EPO) in U. K. (Dec. 17, 1990 ) and in France (Jan. 24, 1991) , in mid postemergence (MPO) in France (Mar. 3, 1991) and late post-emergence (LPO) in U. K. (Apr. 10, 1991) . The crop safety and weed control efficacy trials were sprayed on the same day. Applications were made using a handheld CO2 sprayer calibrated to deliver 3001/ha at a 2. 2 kg/cm2 pressure. The air temperatures at application were 1. 5 and 2C in EPO in U. K. and France, respectively, and 16C in MPO and 12C in LPO. The application rates of pyraflufen-ethyl were 6 and 12 g a. i. / ha for either application timing. The reference herbicides were tested at their standard rates. The growth stages of the test plants and assessment intervals at each application were given in Table 3 The gramineous crops (wheat and barley) and weeds were highly tolerant to pyraflufen-ethyl at 10 g a. i. /ha with slight and temporary necrotic spots observed on the leaves contacted with the chemical solution. The herbicidal symptoms did not expand further to new leaves and the plant growth was not affected at all afterwards. On the other hand, broad-leaved weeds were controlled more than 80% with pyraflufen-ethyl at 0. 3 to 1 g a. i. /ha. Therefore, it is estimated that pyraflufen-ethyl shows a 10 to 33 times high selectivity between the cereal crops (wheat and barley) and broad-leaved weeds in postemergence (Table 1) . Murata et al. investigated the selectivity mechanisms of pyraflufen-ethyl between wheat and G. aparine, and reported that wheat absorbed a less amount of the chemical and could detoxify it more quickly compared to G. aparine. 4) As shown in Table  1 , the broad-leaved weed species showed different sensitivity to pyraflufen-ethyl. Such differences might also be due to the differences in uptake and/or detoxifications among the weed species.
2 Pre-emergence application
Pre-emergence herbicidal activity of pyraflufen-ethyl was significantly lower than that in post-emergence ( Table 1 ). The reduction of its activity was more significant on the broad-leaved weeds (100-333 times) than on the gramineous plants including the crops (30-100 times). Therefore, the selectivity margin between the crop and broad-leaved weeds decreased in the preemergence application. This large difference in herbicidal activity between pre-and post-emergence applications would be advantageous to rotational crops after the cereals treated with pyraflufen-ethyl, because the risk of phytotoxicity to succeeding crops may be negligible.
Comparison of Herbicidal Activity and Characteristics 1 Herbicidal activity
Herbicidal activities of pyraflufen-ethyl on five important broad-leaved weeds in European winter cereal fie1ds12) were compared with those of existing cereal herbicides possessing various modes of action (Table 2 ). Bifenox13> and carfentrazone-ethy114) are Protox inhibiting herbicides with the same mode of action as pyraflufen-ethyl. Metsulfuron-methyl15) is an inhibitor of branched chain amino acid synthesis. Ioxynil16) is an inhibitor of photosynthesis and also acts as an uncoupler. Mecoprop-p17) is a synthetic auxin.
1. 1 Comparison among Protox inhibiting herbicides
Pyraflufen-ethyl was the most active compound among the Protox inhibiting herbicides tested in this study on the selected broad-leaved weeds in post-emergence. Pyraflufen-ethyl showed herbicidal activities on every weed superior to bifenox by from 4 times on Viola arvensis to 333 times on Stellaria media. Although carfentrazone-ethyl provided the same level of activities as pyraflufen-ethyl on G. aparine, V. arvensis and Veronica hederaefolia, its activity against Matricaria inodora and S. media was inferior to pyraflufen-ethyl by 5 and 33 times, respectively. Ishida et al. 18 ) reported that the I5o values for pyraflufen-ethyl on the target enzyme (Protox) prepared from etioplasts of the five plant species ranged from 0. 769 to 5. 2 nM. They also reported that inhibitory activity of pyraflufen-ethyl against Protox was the highest among six Protox inhibiting herbicides selected from the three different chemical classes such as diphenyl ether, N-phenylimide and pyridine derivatives. 18) Such strong inhibitory activity at the enzyme level may explain the high activity of pyraflufen-ethyl on the whole plant level. 2. 1. 2 Comparison among the herbicides with mode of action other than Protox inhibition Pyraflufen-ethyl was more active than ioxynil by 10 times on V. arvensis to 166 times on S. media and than mecoprop-p by 200 times on V. arvensis to 3333 times on M inodora. Metsulfuron-methyl was as active as pyraflufen-ethyl on M inodora, S. media and V. arvensis, but far less active on G. aparine and V. hederaefolia. Metsulfuron-methyl is known as a low use-rate herbicide with a standard application rate of only 6 g a. i. /ha. 15) These results indicate that pyraflufen-ethyl also controls G. aparine and V. hederaefolia, broad-leaved weeds tolerant to the commercial herbicides, at low application rates.
Speed of herbicidal action 2.2.1 Comparison between the species with different
sensitivity to pyraflufen-ethyl The speed of herbicidal action of pyraflufen-ethyl was compared between S. media, one of the most susceptible species, and V. arvensis, the least sensitive species found in the previous experiment (Table 2) . Pyraflufen-ethyl showed a similar speed of herbicidal action on them at the application rate giving almost same herbicidal activity (90% or more) on each species at 21 DAT (Fig. 1) . Pyraflufen-ethyl may show similar speed of herbicidal action on broad-leaved weeds when its application rate is adjusted depending on the sensitivity of test plants.
2 Comparison with the other Protox inhibiting
herbicides The speed of herbicidal action of pyraflufen-ethyl on S. media was compared with the other Protox inhibiting herbicides at the application rate giving 90% or more herbicidal activity on this weed (Fig. 2) . Carfentrazoneethyl at 10 g a. i./ha showed the same speed of herbicidal action as pyraflufen-ethyl at 0.3 g a. i. /ha, while her- Table 2 Comparison of post-emergence herbicidal activity of pyraflufen-ethyl to those of several commercial products with the same or different modes of action used for controlling broad-leaved weeds in cereals (greenhouse test). a) Dosage giving 90% damage to the test species at 21 DAT, b) GALAP: Galium aparine. C) MATIN: Matricaria inodora. d) STEME: Stellaria media. e) VIOAR: Viola arvensis.
VERHE: Veronica hederaefolia. g) Growth stage at application: number of whorls (W) or leaves (L). bicidal activity of bifenox at 100 g a. i./ha was significantly lower than those of the other two Protox inhibiting herbicides at 1 DAT. On the broad-leaved weeds other than S. media, the herbicidal activity of bifenox was also significantly lower than those of pyraflufen-ethyl and carfentrazone-ethyl at 1 DAT (data not shown). It is interesting that the speed of herbicidal action varies among the Protox inhibiting herbicides, probably due to their physicochemical properties which control the rate of penetration into the plant tissue and movement to the target site.
3 Comparison with the herbicides of modes of action other than Protox inhibition
The speed of herbicidal action of pyraflufen-ethyl on S. media was compared with the herbicides possessing modes of action other than Protox inhibition in the same way described in 2.2. 2 (Fig. 3) . Pyraflufen-ethyl at 0. 3 g a. i. /ha showed the fastest speed of herbicidal action among them and provided 90% control on S. media at only 2 DAT. Mecoprop-p at 100 g a. i. /ha showed an equivalent level of herbicidal activity to pyraflufen-ethyl at 1 DAT, and its efficacy proceeded gradually to the maximal level thereafter. Ioxynil at 50g a. i. /ha and metsulfuron-methyl at 0.3 g a. i. /ha acted more slowly and took 9 and 14 days to achieve 90% control, respectively. These results suggest that pyraflufen-ethyl is characterized as a fast acting herbicide. It provides the maximal level of control on broad-leaved weeds in shorter term compared with the herbicides possessing different modes of action. We previously reported that the herbicidal activity of pyraflufen-ethyl was relatively independent of temperature after application19) like other Protox inhibiting herbicides20, 21) because of its fast action. This property seems to be one of the important requirements in particular, for a winter cereal herbicide, since it is generally applied under low temperature conditions. 2. 3 G. aparine control at different growth stages G. aparine has been recognized as the most important broad-leaved weed in the European winter cereals. 22) Most of the populations of G. aparine emerge in autumn and continue to grow through the winter cereal cultivation. 23) It strongly competes with cereals, delays harvest and contaminates harvested grain. Therefore, it is especially important to identify the optimum application timing of a herbicide to control this troublesome species. In order to estimate the effective application rates and timing, pyraflufen-ethyl was applied to G. aparine at different growth stages. Figure 4 showed the growth-stage dependent activity of pyraflufen-ethyl on G. aparine. It provided excellent control on G. aparine at the 1-2 and the 3-4 whorl stages at 6 g a. i. /ha. At the 5-6 whorl stages, its efficacy at 6 g a. i. /ha was insufficient due to regrowth of the weed from basal nodes. The rate of 12 g a. i. /ha was required to achieve more than 90% control. G. aparine at the 5-6 whorl stages has two to four branches from each of the first to fourth node of thee main stem. At such stages, it was difficult to spray a chemical on the plant surface uniformly, the basal parts in particular. Since pyraflufen-ethyl is a contact herbicide, 3) amount of a chemical solution on the plant surface should be important to maximize its efficacy. This might be a reason why the efficacy of pyraflufenethyl on the developed stages of G. aparine was decreased. These results indicate that the optimum application timing for pyraflufen-ethyl to control G. aparine is at the 3-4 whorl stages or less.
Field Trials in UK. and France 1 Weed control efficacy trials
Pyraflufen-ethyl and the reference herbicides were applied at three timings when the weeds were small to large in size (Fig. 5) . The temperatures at application were extremely low in EPO and relatively mild in MPO and LPO as shown in the materials and methods (3) . In EPO conducted in U. K, and France, pyraflufen-ethyl showed more than 90% control on all of the broad-leaved weeds tested at 6 g a. i. /ha. In MPO conducted in Fran- ce, the efficacy of pyraflufen-ethyl decreased on M. inodora and L. purpureum in particular and the rate of 12g a. i. /ha was needed to maintain the broad weed control spectrum on the test weeds. In LPO conducted in U. K. , the efficacy of pyraflufen-ethyl significantly decreased due to regrowth of the weeds and none of the test weeds were effectively controlled even at 12 g a. i. /ha. These results suggest that the herbicidal activity of pyraflufen-ethyl is influenced by the growth stage of weeds more than the temperature at application.
On the other hand, fluroxypyr, an auxin type of herbicide reported to have an excellent activity against G. aparine, 24) could not effectively control the susceptible species in EPO, but provided almost complete control in MPO and LPO. These results agreed with the report in which the herbicidal activity of fluroxypyr on G. aparine was influenced by the temperature more than the growth stage of weed at application, like other auxin type of herbicides. 25) As found in the greenhouse experiments (Table 2) , metsulfuron-methyl could not control G. aparine at all in either application timing. However, it showed relatively stable herbicidal activity on the broad-leaved weeds other than G. aparine irrespective of application timing. The herbicidal activity of metsulfuron-methyl seemed to be affected by the weed stage or the temperature at application to a lesser extent as compared to the above two chemicals.
2 Crop safety trials
Crop phytotoxicity of pyraflufen-ethyl was evaluated on winter wheat and barley along with the weed control efficacy at the same application timing in U. K. and France (Table 3) . Pyraflufen-ethyl caused necrotic tipping symptom on the crops in many cases, but its maximum injuries recorded during all period of the experiment were very slight (less than 10%) in every case even at 25 g a. i./ha. No adverse effects on crop were noted with pyraflufen-ethyl at the end of the experiments (data not shown). Pyraflufen-ethyl showed good crop safety on winter wheat and barley in any application timings. From the results of the field trials conducted in U. K. and France, it was concluded that the optimum application timing for pyraflufen-ethyl was from EPO to MPO when the broad-leaved weeds were not so much developed yet. During these application timings, pyraflufenethyl at 6-12 g a. i./ha could control a broad spectrum of the important broad-leaved weeds including G. aparine with good selectivity to winter cereals. In LPO when the weeds were well developed, pyraflufen-ethyl should be applied with other herbicide(s), preferably with systemic action such as synthetic auxins and sulfonylureas, to suppress regrowth of the weeds.
For the past couple of decades, early planting of the winter cereals has been prevailing for better grain yields in Europe. In consequence, the autumn germinating weeds such as G. aparine and Alopecurus myosuroides, a gramineous weed, have become more competitive and the early season control on such weeds has been importantly required to reduce the risk of yield loss. 26) We also confirmed that the mixture of pyraflufen-ethyl and iso- proturon, which has a good residual effect and is widely used for controlling grass weeds and some broad-leaved weeds, could provide an excellent total weed control against the autumn germinating weeds in winter cereals in the early season applications from in EPO to MPO.
3)
The combination will become an effective laborsaving tool for the weed management in winter cereal production, since total weed control can be completed by only one application. Furthermore, several broad-leaved weeds were reported to have evolved resistance to phenoxyalkanoic acid27) or sulfonylurea28) herbicides and some of them had become dominant species in cereal fields.
From this point, pyraflufen-ethyl of which mode of action is different from those of phenoxyalkanoic acids and sulfonylureas will be increasingly desired to cope with the resistance problems. Rating scale: 0 (no crop injury)-100 (complete kill of corp).
